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Hypocalcaemia is a frequent complication of chronic renal failure. Although it was first described in 1917 by Halverson, Mohler & Bergeim, its cause is still not fully understood and several different explanations have been proposed. The first is that hyperphosphataemia causes precipitation of calcium salts, as originally suggested by Sendroy & Hastings (1927) . Although Mitchell (1930) and others were aware that this explanation could not account for many individual cases, the concept has recently found renewed support (Bricker, Slatopolsky, Reiss & Avioli, 1969) , despite the wide variation of serum Ca x P product in patients with renal failure. Kleeman, Massry, Coburn & Popovtzer (1970) have suggested that this variation may be explained by the varying degrees of secondary hyperparathyroidism, but Hebert, Lemann, Petersen & Lennon (1966) showed that elevation of serum phosphate by infusion of neutral phosphate lowered serum calcium in a predictable manner according to the solubility product of CaHPO, and independently of parathyroid activity. This and other work (Nordin, 1958) suggests that hyperphosphataemia must be very severe (over about 7-10 mg /lo0 ml) before it will lower serum calcium by simple precipitation of calcium phosphate. Moreover, it is clear that hypocalcaemia frequently appears in the absence of hyperphosphataemia and conversely that normocalcaemia may be present in the face of a high level of serum phosphorus, as in many patients on long-term peritoneal dialysis. Even when the prevailing blood pH is taken into account, there is no constant calcium xphosphate product in the serum in renal failure.
Another hypothesis is that serum calcium homeostasis fails as a result of skeletal resistance to the action of parathyroid hormone. This is generally cited as the most probable explanation (Stanbury, 1968; Fourman & Royer, 1968; Kleeman et al., 1970) but the evidence for it is indirect.
Finally, malabsorption of calcium which is common in renal failure is held by some workers to contribute to the hypocalcaemia, but since the effect of low absorption is probably offset by the very low urinary excretion, it is not generally thought to be of decisive importance.
In view of this uncertainty about the cause of hypocalcaemia in chronic renal failure we have examined the relation between calcium absorption, serum calcium and calcium excretion in patients with renal disease and arrived at certain conclusions which are presented in this paper.
CLINICAL MATERIAL A N D METHODS
Data are available on twenty-seven patients with chronic renal failure whose creatinine clearances ranged from 2 to 50 ml/min. There were nineteen women and eight men between the ages of 13 and 78 years. The underlying renal disease was chronic pyelonephritis in twelve women and four men but in the remaining twelve patients the causes were various. In three patients the exact lesions were uncertain (Table 1) . None of the patients was on dialysis but many were maintained on low protein diets.
Blood samples were taken in the fasting state. Calcium absorption was measured by the method of Nordin, Young, Oxby & Bulusu (1968) using 50 mg of calcium carrier as calcium chloride. The results are expressed as the fraction of the dose absorbed per hour, the normal range being 0.45460. Glomerular filtration rate (GFR) was measured as the creatinine clearance determined on five consecutive 24 h collections and expressed as the mean value in ml/min.
Urine calcium, expressed in mg/24 h, was the mean value of the estimations made on the five 24 h collections. In addition, 1 h urine samples were collected in the fasting state for the estimation of calcium and sodium, and the excretion of these elements (Ca, and Na,) was expressed in units per 100 ml of glomerular filtrate (GF) (Peacock, Knowles & Nordin, 1968) . Phosphate excretion was also measured in the fasting urine samples and expressed in mg per 100 ml of GF (PE) (Nordin & Bulusu, 1968) .
All estimations were performed by AutoAnalyzer techniques, calcium by the method of Knowles (1968), and phosphate, creatinine, sodium and bicarbonate by AutoAnalyzer methods (N-4a, N-1 la, N-206, N-21a respectively).
Calcium 45 was measured in serum in a Philips automatic liquid-scintillation counter (Oxby & Kirby, 1968) .
Statistical evaluation was carried out by means of Spearman's rank correlation procedure for the simple regressions, but multiple linear regression analysis was applied to the correlations between urine sodium, urine calcium and serum bicarbonate in Table 2 .
RESULTS
The relation between serum calcium and creatinine clearance is shown in Fig. 1 . The serum calcium tended to be lower in more severe renal failure, but the scatter was very wide. Serum calcium was inversely related to serum phosphate (P < 0.02) but the Ca x P product was very variable (Fig. 2) . Calcium absorption was significantly related to creatinine clearance (P< 0.01) with most cases showing malabsorption of calcium (Fig. 3) . Serum calcium was just significantly related to calcium absorption (P< 0.05) (Fig. 4) ; although all the patients with hypocalcaemia had malabsorption, a number with an equal degree of malabsorption were normocalcaemic.
The 24 h urine calcium was less than 80 mg in all patients but two, but was not significantly related to calcium absorption, serum calcium or creatinine clearance. The fasting calcium excretion expressed in mg per 100 ml of GF, on the other hand, rose steeply when creatinine clearance fell below 20 ml/min (Fig. 5 ) and was inversely related to the serum calcium (P< 0.01) (Fig. 6) . . In the light of the data shown in Fig. 6 , we examined the relation between Ca, on the one hand and the degree of acidosis and the rate of sodium excretion on the other, by using sixty-two observations on sixteen patients in whom all the data were available from simultaneous serum and urine samples. There was no significant correlation between fasting calcium excretion and serum bicarbonate (Fig. 7) , but there was a highly significant correlation (P-gO.001) between calcium excretion and sodium excretion (Fig. 8) . However, it seemed that the regression of calcium on sodium excretion was steeper at sodium values below 1.5 mEq per 100 ml of G F than above this level. We therefore tested the possibility that progressive acidosis might be influencing calcium excretion in the lower range by calculating the simple and multiple linear regressions of calcium excretion on serum bicarbonate and on urine sodium at values of the latter below 1.5 mEq per 100 ml of GF. The results are shown in Table 2 . It will be seen that within this range of sodium excretion, calcium excretion was inversely related to serum bicarbonate (r = -0.63) and positively to sodium excretion (r = + 0.76). However, when both factors were taken into account, the coefficient of correlation rose to +0.83. The relation between C a n (mg/100 ml GF) and serum calcium (mg/l00 ml). The area enclosed by the box indicates the range of each in normal fasting subjects, and the relation between excreted calcium and serum calcium concentration in normal subjects is indicated by the dotted lines. 
FIG. 7.
The relation between urine calcium (mg/100 ml GF) and serum bicarbonate (mEq/l).
There is no significant correlation. 
DISCUSSION
These results show that the hypocalcaemia of chronic renal failure varies in degree between different individuals at similar levels of glomerular function (Fig. I) , and that this variation cannot be adequately explained in terms of phosphate retention (Fig. 2) . Although there was a tendency for serum calcium and phosphate to be inversely related, hypocalcaemia was present in many cases in the absence of hyperphosphataemia. Some other factor or factors must therefore be operating. The finding that the absorption of calcium is inversely related to the degree of renal failure agrees with other studies showing severe malabsorption of calcium in chronic renal insufficiency (Stanbury, 1968) . Such malabsorption would naturally tend to lower serum calcium, but one would expect this to be offset by mobilization of skeletal mineral under the influence of parathyroid hormone. The fact that this compensation does not occur might suggest an inadequacy of bone resorption, but blood parathyroid hormone levels are known to be high in renal failure (Berson &Yalow, 1966) and histological studies indicate that the rate of bone resorption is actually higher than normal (Jowsey, Massry, Coburn & Kleeman, 1969) . In our own kinetic studies (Bullamore, Marshall, Nordin & Wilkinson, 1970) we have found the rate of bone resorption and the urinary excretion of total hydroxyproline to be raised in all our patients with renal failure and hypocalcaemia. These studies include seven of the cases reported in this paper. Moreover, the high PE values relative to serum phosphate concentration shown in Table 1 indicate low tubular reabsorption of phosphate (Nordin & Bulusu, 1968) , which is almost certainly attributable to secondary hyperparathyroidism (Slatopolski, Robson, Elkan & Bricker, 1968) .
If, then, the serum calcium remains low despite an increased rate of bone resorption, it must be concluded that there is a high rate of calcium removal from the serum. This can occur by at least two routes-into bone and into urine. As far as bone is concerned, infused calcium is rapidly removed by the skeleton in renal disease (Wortsman, Dvoredsky de Wortsman, Lazcano, Litvak & Vukusic, 1970) and this must tend to lower the serum calcium (Cochran & Nordin, 1969) . Furthermore, our measurements of bone turnover with radioactive calcium (Bullamore et al., 1970) show that the bone mineralization rate is invariably high in hypocalcaemic renal failure.
Thus removal of calcium into bone may contribute to the hypocalcaemia, but the data in this paper suggest that the renal factor is the decisive one. Although the absolute excretion of calcium was low in nearly all our patients, it did not fall progressively as renal failure advanced, and when related to the filtered load of calcium was frequently inappropriately high. In fact, when the urine calcium was expressed in mg per 100 ml of GF it was inversely related to serum calcium concentration. Examination of Fig. 6 shows the importance of this. If tubular reabsorption of calcium were increased in any of the patients represented by points to the left of the normal regression line, the serum calcium would inevitably rise. For instance, in patient E.S., with a serum calcium of 5.3 mg/100 ml, equivalent to an ultrafiltrable calcium of about 3.4 mg/100 ml (Robertson & Peacock, 1968) , the urine calcium was 0.8 mg per 100 ml of GF and the tubular reabsorption of calcium was therefore only 2.6 mg per 100 ml of GF or 77 % of the filtered load. If this rate of tubular reabsorption could be increased to 5.2 mg per 100 ml of GF, which is still a low value, and urine calcium remained constant, the ultrafiltrable calcium would rise to 6.0 mg/100 ml, equivalent to a serum calcium 9.3 mg/100 ml, and the tubular reabsorption would then be 86 % of the filtered load. The fact that the absolute calcium excretion (Ca,/l00, x GFR) is small in this case (0.016 mg/min) is of no significance in this context: the absolute rate of output will influence the time taken for any particular equilibrium to be established, but it cannot influence the steady state itself.
It is true that the hypocalcaemia would also be corrected if the throughput of calcium from the gut and/or bone were increased, and in this sense malabsorption of calcium and relative inadequacy of bone resorption are contributing factors. However, since correction of the defect in tubular reabsorption would achieve the same result in a much more efficient and economical way, we consider that the renal tubular insufficiency is likely to be the most important single cause of the hypocalcaemia.
As for the cause of this low tubular reabsorption of calcium, both sodium excretion and acidosis are well known to influence this process. Thus a high correlation has frequently been noted between sodium and calcium excretion (Walser, 1961) , both in the healthy and diseased kidney (Popovtzer, Schainuck, Massry & Kleeman, 1970) . In chronic renal failure a diminishing nephron population has to excrete the same amount of sodium as a normal kidney, and therefore proportionately less sodium than normal is reabsorbed proximally, possibly due to an increase in flow rate within the proximal tubules (Rector, Sellman, Martinez-Maldonado & Seldin, 1967) . Calcium reabsorption may be affected in the same way. Whether the extra sodium delivered to the distal tubule leads to a further decrease in calcium reabsorption due to competition for a common transport pathway, we cannot say.
The effect of acidosis on calcium excretion has been known since the work of Farquharson, Salter, Tibbetts & Aub (1931) and has subsequently been abundantly confirmed (Lemann, Litzow & Lemon, 1967) but the way in which it reduces tubular reabsorption of calcium is unknown.
If the hypocalcaemia of chronic renal failure is due predominantly to a reduced tubular reabsorption of calcium, as we suggest, hypocalcaemia should not occur in chronically anuric patients until or unless the serum phosphate exceeds 7 mg/100 ml and so depress the serum calcium by simple precipitation of calcium phosphate. In our experience this is in fact the case. At serum phosphate levels over 7 mg/100 ml the renal element which we have described does not, of course, need to be invoked to explain hypocalcaemia, which can safely be attributed to precipitation of calcium phosphate in bone and/or soft tissues.
